ABSTRACT A multi-terminal modular multilevel converter-based high voltage direct current (MTDC) system has become a popular research topic. Improvements to the voltage level and capacity have attracted increasing attention to its radiated electromagnetic disturbances. This paper discusses the measurements and analysis of the radiated electric field characteristics for an MTDC station. The control frequency causes the electric field to peak at multiples of 10 kHz, which reach approximately 80-90 dBµV/m with an interval time of 100 µs. In addition, the distribution characteristics and influencing factors of the radiated electric fields are also analyzed. The field decreases the fastest within 15 m as the distances from the hall increases. In addition, the electric field in the valve hall has obvious directionality under the influence of radiation structures and disturbance source characteristics. When the normal line of the loop antenna is perpendicular to the phase bus, the electric fields at multiples of 10 kHz are the largest. The radiated electric field intensity of this MMC station meets standard requirements.
I. INTRODUCTION
A Modular Multilevel Converter-based High Voltage Direct Current (MMC-HVDC) systems is based on fully controlled semiconductors and voltage-source converter (VSC) topologies [1] . It has the advantages of electric power transmission, connectability with renewable substations, and a power supply for large cities and isolated islands [2] . With the increasing demand for electric energy, higher requirements for the reliability of power supplies have been discussed. Therefore, an electric grid powered by an MMC-HVDC system, called a Multi-Terminal MMC-HVDC (MTDC), has attained significant attention [3] - [6] . An MTDC system can quickly track changes in various parameters of an AC/DC power network and make quick adjustments according to the specified control strategy. Thus, flexibly connecting clean energy sources, such as wind farms and solar energy, at multiple stations is an effective solution for large-scale distributed renewable energy grid connections [7] - [9] . An MTDC is developing more towards high voltage and large capacity.
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For example, the Zhoushan ±200 kV MTDC system is the largest voltage 5-terminal MTDC system in the world, and the Zhangbei ±500 kV multi-terminal MMC-HVDC system is the highest voltage 4-terminal MTDC system [10] . With increases in the voltage level and power capacity of MTDC systems, the electromagnetic compatibility issue of the converter station has become increasingly prominent. The characteristics of the radiated electric fields induced from the converter are among the important contents that must be considered when designing and manufacturing converter valves [11] . The electromagnetic disturbances generated from MTDC systems may affect the normal operation of its own equipment. Therefore, the radiation immunity level of converter equipment must be determined based on the characteristics of the radiated electric fields. The IEC61000-4-3 [12] specifies the radiation immunity requirements for general equipment. In addition, the radiation disturbance generated from an MMC converter system may affect the surrounding environment and personnel of the converter station. Thus, the distribution characteristics of the radiation electric field around the converter station should be considered. The limits for the radiated electric fields of substations and converter stations are specified in the standard CIGRE391 [13] . There are some standards for safety levels with respect to human exposure to electric fields [14] - [18] .
Some measurement [19] - [22] and modeling [23] - [27] works on the characteristics of traditional DC radiated disturbances have been conducted. However, research on the radiated disturbance characteristics of two-terminal MMC-HVDC converter systems has mainly focused on modeling and calculations [28] - [32] . The electric field intensity around the valve hall of an MMC-HVDC station has previously been measured, and the electric field characteristics in different regions were compared [33] , but the electric field intensities in the converter hall were not described. Besides, this work presents research on the radiated disturbance of MMC-HVDC systems with emphasis on the frequency domain electric field characteristics of a two-terminal system. There is no current research on the time domain characteristics of radiated electric fields, and there have been no reports on the characteristics of radiated electric fields for multi-terminal MMC-HVDC systems. Compared with other MMC-HVDC systems, each converter station in the multiterminal system is connected to multiple converter stations, and the control mode should be coordinated based on the operational states of the multiple stations involved [34] - [36] . The time domain characteristics of the radiated electric fields can reflect the control frequency and Insulated Gate Bipolar Transistor (IGBT) operation of the converter system.
The frequency and time domain characteristics of the radiated electric fields in the converter valve hall and the influence of the control strategy on the radiated electric fields are analyzed. The primary directionality of the radiated electric fields in the valve hall is also analyzed, which provides a reference for the arrangement of the electromagneticsensitive equipment. The electric field intensity at different distances outside the valve hall was measured, and the attenuation and distribution of the electric fields were obtained. Based on the comprehensive analysis of the time-frequency characteristics, radiated direction, and distribution of the electric fields, this paper reveals the radiated disturbance characteristics of a multi-terminal MMC-HVDC system, and provides a reference for electromagnetic compatibility (EMC) design for an MMC-HVDC converter station.
II. MEASUREMENTS SCHEME AND INSTRUMENTATION
The connection structure of the 5-terminal MMC-HVDC system is shown in Fig. 1 . This multi-terminal system can achieve both active and reactive power with 4 quadrant operation. The MMC Station 5 is the active power balance node of the DC system, and the DC voltage is guaranteed to be ±200 kV by adjusting the phase angle of modulation wave. The MMC Station 1, Station 2, Station 3, and Station 4 have adopted a constant active power control method. The Station 1, Station 2, and Station 4 stations are separately connected to wind farms. Considering the structure and geographical location of this system, the Station 5 was selected for measurements of the radiated electric fields. 
A. MEASUREMENT INSTRUMENTATION
A loop antenna, biconical antenna, logarithmic antenna, electromagnetic interference (EMI) receiver, and a timedomain electric field antenna were used to measure the radiated electric fields. The frequency bandwidths and resolution bandwidth (RBW) for the instrumentation are shown in Table 1 . The instrumentation was established according to the CISPR 16-1-1 standard [37] . 
III. RADIATED ELECTRIC FIELD CHARACTERISTICS A. RADIATED ELECTRIC FIELD CHARACTERISTICS IN THE HALL
Changing the angle between the antenna and the phase bus along the directions a-d, as shown in Fig. 2 , gives the electric fields along these directions as E a , E b , E c , and E d . As shown in Fig. 4 , E c contains the peak values of the electric fields at multiples of 10 kHz with an amplitude of approximately 80 dB. The E b electric fields at frequencies above 50 kHz (except the multiples of 10 kHz) are the largest. At multiples of 10 kHz, the E c is higher than the E b by approximately 5 dB. From 50 kHz to 150 kHz (except multiples of 10 kHz), the E c is smaller than E b by 3 dB. In this frequency bandwidth, E a and E d lie between E b and E c . Therefore, the 10-150 kHz electric fields have significant directionality. The 10-150 kHz electric fields in the valve hall are approximately 20-40 dB higher than the background noise. Figure 5 shows the 150 kHz to 1.4 GHz electric field strengths in the valve hall. The electric fields in this frequency band are relatively large and have none of the aforementioned peaks or directivity. The electric fields in the range of 150 kHz to 30 MHz are relatively large, and the maximum difference between the electric fields and the background is approximately 45 dB at 2 MHz. As the frequency increases above 8 MHz, the differences between the electric field and the background gradually decrease. The horizontally polarized electric field at MHz is approximately 5-10 dB stronger than the vertical polarization. However, the horizontally polarized electric fields in the other frequency bands are not as different from the vertical polarization. The 200-400 MHz electric fields are around 10 dB stronger than the background, and the 430 MHz to 1.4 GHz electric fields are approximately 5-10 dB stronger than the background. With an increase of the frequency, the differences between the electric fields above 500 MHz and the background decrease.
B. ATTENUATION AND DISTRIBUTION CHARACTERISTICS OF THE RADIATED ELECTRIC FIELDS
Including the measurement location in the hall, there are 9 locations used to measure the electric fields and to analyze their attenuation and distribution characteristics. The electric fields outside the valve hall decrease with an increasing distance. The electric fields outside the valve hall are higher than those inside at some frequency points. This is because the valve hall can not only shield the internal electric fields from radiating outwards but can also reduce the radiating electric fields generated by other external equipment from radiating into the valve hall. Personnel can only reach the restricted area inside the valve hall (the measuring point inside the hall) and the area outside the valve hall. The standard from References [14] - [18] provide the personal exposure limits shown in Fig. 6 , where the electric fields in the hall and 5 m outside the valve hall meet these requirements.
The electric fields in the hall and out at 10 m are compared in Fig. 7 . The maximum difference between the 10-150 kHz electric fields at the two locations is approximately 15 dB, the 150 kHz to 30 MHz is approximately 20 dB, the 30-400 MHz is approximately 30dB, and the 400-500 MHz is approximately 20 dB. However, there is little difference for the 500 MHz to 1.4 GHz electric fields at these two locations. The electric fields in the hall and out at 15 m are compared in Fig. 8 Fig. 9 . There is little difference between the electric fields at these two locations over all frequency bands. However, there is a house near the measuring location at 40 m, and the wall of the house scatters the electric fields. This causes the measurements at 40 m to be larger than at 30 m at some frequencies.
The peak electric fields at multiples of 10 kHz in the range from 10 kHz to 150 kHz are shown in Table 2 . The E c is along the direction c and E 5m -E 40m are out of the hall. The electric fields at ranges of 0-30 m decrease with distance, and the electric fields at some frequencies when near the house increase. The 10 kHz electric field decreases the least while the 150 kHz field decreases the most. Changes in the 10, 60, 100, and 150 kHz electric fields with distance are shown in Fig. 10 . The initial location is the measurement point in the hall marked as 0 m. The electric field decreases the most with an increasing distance from 0-15 m, but the 10 kHz electric field increases when near the house. 
C. TIME-DOMAIN ELECTRIC FIELD CHARACTERISTICS IN THE CONVERTER HALL
The time-domain electric fields at 5 m from the phase C converter tower are denoted as E tower , as shown in Fig. 11(a) ; the maximum peak is approximately 8 V/m and the interval time between peaks is about 100 µs. The time-domain electric fields at 10 m from the DC bus are denoted as E bus , as shown in Fig. 11(b) ; the maximum peak value is approximately 2.5 V/m and the interval time is about 100 µs. These peaks are induced by the IGBT switching, where the interval time is decided by the control frequency.
The IGBT switching can generate a radiated disturbance [38] , where the high-frequency voltage and current in the switching process are the disturbance sources [32] , [33] . In a single tower, the number and positions of the switching IGBTs are random at each moment. In general, a greater number of switching IGBTs at more concentrated positions causes a larger E tower . Therefore, uncertainty in the number and locations of switching IGBTs causes the time-domain E tower near the valve tower to have different peak values. For the entire converter, the number of switching IGBTs is relatively constant. The high frequency voltage and current generated from all the switching processes can be conducted to the bus bar, so the peak values of E bus are approximately the same.
IV. INFLUENCING FACTORS ON THE ELECTRIC FIELDS A. CONTROL FREQUENCY
Multilevel approximations of a sine wave in the MMC system are realized using IGBT switching. The level number n of the MMC converter output waveform is not only related to the number of sub-modules N , but also to the control frequency f s of the controller and the output voltage modulation index k. Taking the phase A voltage as an example, k is defined as [39] - [40] 
where e A is the internal electromotive force of phase A, and U dc is the direct voltage. When N is constant, there is a similar saturation characteristic relationship between the level number n and the controller control frequency f s . There are two resulting critical frequencies of f low and f high defined as
where, f 0 is the fundamental frequency. When f s > f high , the sub-modules can be taken the most use and the level number is n = N + 1; however, the losses will also be maximized at this time. Therefore, f s must be greater than f low but not necessarily greater than f high in MMC projects that have hundreds of levels. In addition, the f s is less than 10 kHz in practical MMC systems. When using the nearest level modulation (NLM) with equal control periods to approximate the fundamental frequency, the reference voltage is
where ω 0 = 2πf 0 , m is an integer sequence varying with time, and U dc is the rated voltage. The control period is T s = 1/f s , which indicates the number of sub-modules to be placed into the system will be refreshed every T s periods. The corresponding sub-module will operate under this control system. For this MMC station, U dc = 400 kV, k = 0.85, f 0 = 50 Hz, and f s = 10 kHz. Combining the aforementioned parameters and equations, the phase A voltage is shown in Fig. 12 . The ladder is higher (lower) where the sine wave slope is larger (smaller). A Fourier transform is performed on the voltage waveform to obtain a spectrum in the range of 9-150 kHz, as shown in Fig. 13 . Regardless of the high-frequency voltage caused by the IGBT switching and capacitor voltage fluctuations, there are voltage peaks at The control system can generate the voltages at multiples of 10 kHz in the converter system. The high-frequency voltages and currents applied to the phase bus and tower bus induce radiated electric fields. Therefore, the electric fields at multiples of 10 kHz are larger and the interval time between the time-domain electric field peaks is 100 µs. If there are devices near the converter station that are particularly sensitive to electric fields of certain frequencies, the control frequency of the MMC converter system should be set to other frequencies to avoid disturbing the sensitive equipment.
B. DIRECTIONAL CHARACTERISTICS OF ELECTRIC FIELDS IN THE HALL
The main current circuit, including the tower bus and phase bus, is shown in Fig. 14 . Taking the phase C down arm bridge as an example, the current at multiples of 10 kHz i c is generated by the controller and can conduct through the phase bus, which is equivalent to a wire antenna. For a current element, there iŝ A = µÎ l 4πr e −jβr (cos θe r − sin θe θ ) The electric field in spherical coordinates can be expressed aŝ
−jβr e θ (9) where I is the current, µ is the permeability, l is the length of the antenna element, r is the distance between the antenna element and the electric field point, j represents the imaginary number, the wave number is β = ω √ µε, and the intrinsic impedance of the medium is η = √ µ/ε.
The A and I are along the same direction, while H is the curl of A and E is the curl of H, which satisfy the right-hand rule. When the loop antenna is along the direction c, a much greater H c as induced by i c can pass through the antenna plane, and all of the phase buses contribute to the electric fields E c at multiples of 10 kHz. The tower's IGBT switching frequency is not constant, and its current rising and falling edges contain a broad frequency bandwidth current i b [40] . The i b of the x axis can generate A b1 and the i b of the z axis can generate A b2 , where A b is the vector superposition of A b1 and A b2 . When the loop antenna is in the direction b, a greater H b as induced by i b can pass through the antenna plane, while all the tower buses contribute to the electric fields E b . Therefore, the electric fields at multiples of 10 kHz along the direction c are the largest and the electric fields below 150 kHz (except multiples of 10 kHz) along the direction b are the largest.
V. CONCLUSION
The objectives of the paper are to obtain the radiated disturbance characteristics of a multi-terminal MMC-HVDC converter system and to reveal its influencing factors as a reference for EMC designs. This is achieved by analyzing the time-frequency electric field characteristics, radiated direction, distribution law, and control frequency of an MMC converter.
As influenced by the control frequency, the electric field peaks at multiples of 10 kHz are larger, and the interval time domain for these peaks is 100 µs. Therefore, when carrying out immunity testing for the converter equipment, it is recommended to contain the electric field as consistent with the controller frequency. The sensitive frequencies of the equipment around the converter station should avoid the frequency of the converter controller. This reduces the specific frequency electric field influence on the equipment.
As decided by the main circuit structure of the converter valve, the radiated electric fields in the valve hall have obvious directionality. When the normal line of the loop antenna is perpendicular to the phase bus, the electric fields at multiples of 10 kHz are the largest. Therefore, devices in the hall with sensitivities to these fields should be placed in the directions in which the electric fields are the smallest. The radiated electric fields outside the valve hall decrease as the distance from the hall increases, where the greatest decreases are within 15 m. The radiated electric field strengths in the areas accessible to personnel inside and outside the valve hall of this MMC station meet the requirements of relevant standards. 
